The wurtzite gallium nitride ͑GaN͒ Gunn diodes with aluminum gallium nitride ͑AlGaN͒ as launcher in the notch region are investigated by negative-differential-mobility model based simulation. Under the operation of self-excitation oscillation with dipole domain mode, the simulations show that the diode with two-step-graded AlGaN launcher structure can yield the maximal rf power of 1.95 W and dc/rf conversion efficiency of 1.72% at the fundamental oscillation frequency of around 215 GHz. This kind of Gunn diode structure without the low doping process is convenient for accurately controlling the dopant concentration of GaN epitaxial growth.
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The capability of high frequency and high output power of gallium nitride ͑GaN͒ based Gunn diode has attracted many interests for application in terahertz technology. To generate the oscillation frequency over 200 GHz, the length of transit region has to be shrunk into around 1 m regime with the doping of ͑1-2͒ ϫ 10 17 cm −3 , [1] [2] [3] so that an additional doping notch structure is required to promote the formation of dipole domain by reducing the dead zone length. This kind of notch structure combining with the doping spike, the spacer and the launcher have found wide applications in GaAs Gunn diodes, 4,5 some of which were also used in studies of GaN Gunn diodes. 3 However the state-of-the-art of GaN epitaxial growth technology is behind that of GaAs, causing the performance of the real GaN Gunn diode far below the theoretical expectation. 6 This work puts emphasis on the fabrication-oriented simulation for wurtzite GaN Gunn diodes with different doping notch structures. For GaN epitaxial fabricated by metal-organic chemical-vapor deposition ͑MOCVD͒ technology, the very low doping notch layer, the ultrathin layer and the p-type layer are intentionally avoided in the structure of Gunn diode. This is due to that the defect control of the ultrathin layer, the lower doping under the background doping level of ϳ10 16 cm −3 , and the compatibility between p-type and n-type doping are of difficulties in real process of epitaxial growth.
The typical "cathode/ n + / n / n + / anode" structure of GaN Gunn diode in this work has the dimension of 10/ 0.5/ 1 / 0.5/ 10 m, where n = 1.5ϫ 10 17 cm −3 for the transit region, n + =2ϫ 10 18 cm −3 for the Ohmic contact region and the specific contact resistivity c =5ϫ 10 −6 ⍀ cm 2 for electrode region to fit the real GaN process. The additional notch region composed of GaN and aluminum gallium nitride ͑AlGaN͒ is introduced to promote the device performance. The schedule of "cathode/ n + / notch/ n / n + / anode" diodes is shown in Fig. 1 , where ͑a͒ has a single doping notch structure, ͑b͒ has a doping notch/launcher structure, and ͑c͒ has a two-step-graded doping launcher structure respectively. For simulation an analytical negative-differentialmobility ͑NDM͒ model is employed which includes the concentration-and temperature-dependent low field mobility and the field-dependent high field mobility ͓see Eqs. ͑2͒ and ͑3͒ in Ref. 7͔ . In this model the threshold field of 220 kV/cm, the saturation velocity of 1.91ϫ 10 7 cm/ s and the peak drift velocity of over 2.5ϫ 10 7 cm/ s at T = 300 K for wurtzite GaN were extracted by a four-valley band ensemble Monte Carlo simulation. These crucial parameters agree with the numerous Monte Carlo simulations in the last decade.
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The AlGaN with several Al compositions were also simulated by the mobility model and the similar work was given in Ref. 8 . Based on these results, we use the interpolation algorithm to determine the fitting parameters of other Al compositions for our simulation. The Poisson, current continuity, and current density equations solver embedded in SIL-VACO simulator is employed for low calculation consumption. This work estimates the capability of Gunn diode by generating a self-excitation microwave oscillation instead of using a RLC resonant circuit in other Monte Carlo simulations. To this end an appropriate dc voltage is supplied across the terminal of diode to assure the strength of electric field approximately two times larger than the threshold field so as to sustain a stable oscillation. 11 Thus ac voltage and ac current at the anode of diode can be obtained by instantaneous simulation to calculate the average rf power at the fundamental frequency which is extracted from the nonsinusoidal osa͒ Electronic mail: layang@xidian.edu.cn. Tel.: ϩ862988201759. FAX: ϩ862988202073-616. cillation waveforms by using fast Fourier transform ͑FFT͒ algorithm. The dissipated power is simultaneously calculated by dc voltage and the average current, consequently yields the dc/rf conversion efficiency. Only T = 300 K is discussed in this work because the influence of temperature on Gunn diode has been well known and the better way to suppress the high temperature in GaN diode is adopting SiC substrate and flip-chip bonding process rather than changing notch structure.
The GaN Gunn diode with n − -GaN single doping notch shown in Fig. 1͑a͒ is first discussed under the notch doping of 5 ϫ 10 16 cm −3 and the length ranging from 0.1 to 0.30 m. The simulated I-V characteristic of the diode gives that the intrinsic voltage corresponding to threshold field is around 20 V, therefore we set the intrinsic bias voltage as 40 V. The external dc voltage is adjusted from 42.5 to 43.3 V since the average current slightly varies with the notch length. The cross sectional area of the diode is set to be 500 m 2 thereafter in order to calculate the rf power. Given in Fig. 2͑a͒ is the variation of rf power and the dc/rf conversion efficiency with notch length, all of which are calculated at the same fundamental frequency of 215 GHz. It is found the optimal notch length is between 0.15 and 0.25 m that agree with the Monte Carlo simulations. 2, 3 The maximal rf power of 1.76 W ͑equivalent power density of 2.94 ϫ 10 9 W cm −3 ͒ with 1.45% dc/rf conversion efficiency is obtained at 0.2 m notch length with the corresponding electric field profile drawn in Fig. 2͑b͒ after 100 ps instantaneous simulation, showing the expectative dipole domain formation. When the notch length shrinks to 0.1 m, the oscillation changes into electron accumulation mode ͑the corresponding electric field distribution is not drawn͒ thus yields a significant decrease of rf power and efficiency at the same fundamental frequency. To sustain the dipole domain without any change of notch, a higher doping of transit region has to be adopted which could yield an excessive high temperature.
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To reduce the notch length below 0.1 m without increasing the doping level of transit region, this work introduces a n-AlGaN layer as launcher between notch and transit region with the schedule given in Fig. 1͑b͒ . There exists an AlGaN ͑launcher͒/GaN ͑transit region͒ heterostructure similar to AlGaN/GaN HEMT, as such the polarization effects, piezoelectric and spontaneous, enhance the interface charges under the condition of MOCVD epitaxial growth. At the meantime both the built-in electric field induced by the bandgap offset of AlGaN/GaN heterostructure and the external electric field supply enough energy to drive the electrons accumulating at the interface of AlGaN/GaN toward the anode, so that a shorter notch layer can also promote the formation of dipole domain. This trend is much stronger than that of AlGaAs/GaAs heterostructure. In this work, the lengths of n − -GaN notch and n-AlGaN launcher are set as 0.02 and 0.03 m, respectively, in which case a single notch diode by no means generate microwave oscillation under the dipole domain mode. The Al composition is set as 8% due to a higher Al composition could reduce the electrical conductivity of AlGaN layer. Under the constant doping ͑5 ϫ 10 16 cm −3 ͒ of GaN notch, the influence of AlGaN launcher doping on the output performance are investigated with the simulations given in Fig. 3͑a͒ Fig. 3͑b͒ , demonstrating the excellent formation and propagation of dipole domain. Clearly the electron acceleration through AlGaN/GaN interface makes it easier to sustain a stable Gunn oscillation at higher frequency. It is also found that the performance significantly degrades with the increasing AlGaN doping ͑the accumulation mode appears at the doping of 4 ϫ 10 17 cm −3 ͒, which means that the low AlGaN doping is better for device but it would not be recommended because of the limitation of background doping level in reality.
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The two-step-graded doping n-AlGaN launcher structure in Fig. 1͑c͒ is therefore proposed to enhance the formation of hot electron injection by increasing the electron energy through the launcher region, where the 8% and 15% Al compositions from cathode to anode are used with the lengths of 0.02 and 0.03 m, respectively. The spacer layer widely used in GaAs Gunn diodes for limiting the dopant diffusion is not included in our simulation. 4, 5 The launcher doping ranging from 1 ϫ 10 17 up to 7 ϫ 10 17 cm −3 are investigated with the simulations also given in Fig. 3͑a͒ , where the external dc voltages between 42.5 and 43.3 V are supplied to assure the intrinsic bias voltage of 40 V as mentioned above. All the results are extracted at the fundamental frequency of 215 GHz by using FFT. Compared with the notch/launcher structure, the slight decrease of fundamental frequency maybe attributes to the lack of nucleation point formation in low doping notch. But the maximal rf power of 1.95 W ͑equivalent power density of 3.71ϫ 10 9 W cm −3 ͒ with conversion efficiency of 1.72% can be obtained at the doping of 3 ϫ 10 17 cm −3 under the dipole domain mode. The electric field profile of this kind with launcher doping of 3 ϫ 10 17 cm −3 is drawn in Fig. 3͑c͒ , also showing the excellent dipole domain. Meanwhile a stronger electric field appears at the cathode edge of transit region compared with that in Fig. 3͑b͒ , indicating that the formation of dipole domain is easier and the output power is higher. Further more, the AlGaN doping range of this kind is wider because the dipole domain mode is maintained until the doping is beyond 6 ϫ 10 17 cm −3 . It is what we expect because the wider doping range is practically convenient for precisely controlling the GaN epitaxial growth by MOCVD method.
The performance of Gunn diode is very sensitive to Ohmic contact resistance that has been viewed in other works. 13 Our simulation also discusses the characteristics by changing c from 1 ϫ 10 −6 to 2.5ϫ 10 −5 ⍀ cm 2 . The simulation results given in Fig. 4 illustrate that the nearly linear decrease of efficiency occurs with the increasing Ohmic contact resistance for all above devices, which indicates that c = ϳ 10 −6 ⍀ cm 2 or lower is imperative for GaN Gunn diodes operating at terahertz frequencies.
In summary, the wurtzite GaN Gunn diodes with the notch structures of the single n − -GaN doping notch, the n − -GaN notch/n-AlGaN launcher and the two-step-graded doping n-AlGaN launcher are investigated by NDM modelbased simulation. The rf power, the dc/rf conversion efficiency as well as the electric-field profile at the fundamental frequency are extracted by instantaneous simulation. The results demonstrate that the introducing of AlGaN launcher into the notch region can enhance the output performance. The notch/launcher structure can generate the fundamental frequency of 225 GHz, and the two-step-graded doping launcher structure can yield the rf power of 1.95 W ͑equiva-lent power density of 3.71ϫ 10 9 W cm −3 ͒ with conversion efficiency of 1.72% at 215 GHz. On the view of practical fabrication, the two-step-graded doping launcher structure without low doping notch fits more to the material growth by MOCVD method due to the limitation of background doping level. The further simulations demonstrate that the specific contact resistivity of ϳ10 −6 ⍀ cm 2 or lower is imperative for GaN Gunn diodes operating at terahertz frequencies.
